ECEN689: Special Topics in High-Speed
Links Circuits and Systems
Spring 2010

Lecture 32: CDR Wrap-Up

Sam Palermo
Analog & Mixed-Signal Center
Texas A&M University



Announcements

e Exam 2 is April 30

 Will emphasize (but not limited to)
« Equalization properties & circuits
 Link Budgeting (noise & timing)
* PLLs
* CDRs (high-level properties)

» Project Feedback meetings on Friday

e Final Project Report Due May 4



Agenda

e CDR circuits
o PJ
e DLL

e CDR Jitter Properties

e Injection-Locked Osclillator De-Skew



Embedded Clock 1/0O Circuits

Multi-Channel Serial Link System

TX Data
Channels

- -

-

e

RX Data
Channels

RX PLL

Embedded-Clock
Systems

e TXPLL

e TX Clock Distribution

e CDR
e Per-channel PLL-based
e Dual-loop w/ Global PLL &
e Local DLL/PI
e Local Phase-Rotator PLLs

e Global PLL requires RX
clock distribution to
individual channels



Phase Interpolator (Pl) Based CDR

e Frequency synthesis loop
produces multiple clock phases

. Recovered Clock
used by the phase interpolators SR :)

for Clock and Data Recovery

e Phase interpolator mixes |F‘e“”‘e°‘DE“a > L
between input phases to Ly X
] ) D(in) PD [ DLF |9 IDAC A AwAwWi
produce a fine sampling phase — ™ = &l 2
« Ex: Quadrature 90° Pl inputs 5| 5| 5| 8
with 5 bit resolution provides -
sampling phases spaced by " b0 || cp [l 1 > Quadrature Clooks

90°/(25-1)=2.9°
Frequency Tracking Loop ‘:
for Reference Clock Generation
F(ref)/M

e Digital phase tracking loop b
offers advantages in
robustness, area, and flexibility [Hsieh]
to easily reprogram loop
parameters




Phase Interpolator (Pl) Based CDR

1 4 Differential
Mux/Interpolator

e Frequency synthesis loop v, Rate Dual-Loop CDR

can be a global PLL (Frequency 4 T op |- prD [ oMHz
| Synthesis ﬂ—l}; |
| PLL | J |

Can be difficul ' : R eyl

distribute multiple phases '\ _>=—/——= — 1 __ /

1 (DPLL[3:0] P ¢ (DPLL[‘?’:O] 8 phases
|()r]§3 distance o seHa || spaced at 45°
* Need to preserve phase '
spacing i

» Clock distribution power

________

Increases with phase number

« |f CDR needs more than 4 (%=
phases consider local phase %

generaton ~  TTmomeeoesoeesieeess )

Y[3:0] & ¥[3:0]

early/
late

Fsm|-S¢!




DLL Local Phase Generation

: i ] /s Rate Dual-Loop CDR
e Only differential clock is Freotency =TT T T T T T T =T == \ 100MHZ
( Frequency

. . o CP [«{PFD [C T Ref Clk
distributed from global PLL i Rl gE s }

e Delay-Locked Loop (DLL) |
|

locally generates the | —Fo X | =
multiple clock phases for Oeual0] 11 Peul0] TR
the phase interpolators

5 h I [Local DLL J
 DLL can be per-channel or Yo
shared by a small number (4) ===
. ©py[3:0] 1 1 DpLL[3:0] 8 phda:tBZSD
e Same architecture can be ........@s@l| __ TIE
. : | i :
used in a forwarded-clock - |
system i
. Replace frequency synthesis = pppp—
PLL with forwarded-clock 10Gbls | carlyl _ i
. i late sel |
signals e FSM— i

Phase-Recovery Loop



Phase Rotator PLL

e Phase interpolators can be
expensive in terms of power
and area

e Phase rotator PLL places
one interpolator in PLL
feedback to adjust all VCO
output phases
simultaneously

 Now frequency synthesis 1ecbss

and phase recovery loops
are coupled

* Need PLL bandwidth greater
than phase loop

o Useful in filtering VCO noise

’
I

Frequency
CP [ PFD [T
| Synthesis @ :|| Ref Clk

\

Op[3:0] 1 1 DprL[3:0]
(2.5GHz)
ST -! -

PLL

N 100MHZ

<]

Phase-Recovery Loop |

= e =



Phase Interpolators

digital-to-phase conversion
(DPC)

e Produce an output clock that is

e Phase interpolators realize e

a weighted sum of two input _://

clock phases

e Common circuit structures

e Tail current summation
interpolation

» Voltage-mode interpolation

e |nterpolator code mapping
techniques
 Sinusoidal
e Linear

-1.51+14.5Q

[Weinlader]
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[Bulzacchelli]
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Sinusoidal Phase Interpolation

Xo
=
5 X, = Asin(ot) Y
° T x
=
5 Xo = Asin(at — 7/ 2) = —Acos(at)
=
o ._ : : ._ : : , Y = Asin(wt - ¢)
= sk ......... b e, SERITR .......... SRR i .
%’] ok TN S e LN e, SR S . =Acos(¢)sin(a)t)—Asin(¢)cos(a)t) (OS¢SE]
s o5k S ST PRRR TR b e U SUROR
= i i i i ; : : — i —
1045 90 135 160 225 270 315 360 cos(g)X, +sin(¢)Xo =2, X, +2,Xq
 Arbitrary phase shift can be Y = Asin(et - ¢)=a,X, +a,X,
generated with linear where a, = cos(¢) and a, =sin(¢)
summation of 1/Q clock signal a, +a; =1
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Sinusoidal vs Linear Phase Interpolation

[Kreienkamp] ’

o Sinusoidal vs Linear Interpolation Weighting
It can be difficult to generate <o ——

a circuit that implements [ e N

sinusoidal weighting & 60| ]

2 + a2 —1 9 50 ........... ........... ___________ A .......... ...........
al 2 4] : : : ; : 5 z
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Phase Interpolator Model

(1-a)l al =-C_
N - PR
| Time averaged output

small output t /’4&
D -4 $ =
3 “l ,,:”; jjjj AVRC=0.5
e Interpolation linearity isa ¥ |

function of the phase : large output ©
spacing, At, to ouput time

. ‘,{,_g."‘;-,f' AYRC from 0.5 to 2 in linear steps
constant, RC, ratio 1 | | |

Interpolator weight (o) 12



Normalized output phase

Phase Interpolator Model

w/ ideal step inputs

08 |
AVRC=2 ..
0.6 -
AVRC=0.5
04
2T P
A AVRC from 0.5 to 2 in linear steps
ity
0 L . . .
0.2 0.4 06 0.8

Interpolator weight (o)

w/ ideal step inputs:

Normalized output phase
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e
@

14
=

02t

V(1) = V(_.(..+R-l-[(1

w/ finite input
transition time

Spice simulation
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Interpolator weight (e

I

w/ finite input transition time:
Vf_')(r) = Vcc + (1 -

. ].‘H a _1'

R-[u(r—An - u(r-3An] (¢ ®

md .1'

At

I—A.f

)

Interpolator weight (o)

I—A.“

—a) - u(r)- (f" 1)+a-u(r—Ar)-(-’ RC —1)}

[

R-a [u(t)—u(t—Ab)] - ((*_EE—I)+

For more details see D. Weinlader’s Stanford PhD thesis
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Taill-Current Summation PI

[Bulzacchelli JSSC 2006]
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Step number

e For linearity over a wide frequency range, important to
control either input or output time constant (slew rate)
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Voltage-Mode Summation Pl

[Joshi VLSI Symp 2009]

360

clkout 270

180

Phase (degrees)

e For linearity over a wide frequency range, important to
control either input or output time constant (slew rate)
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Delay-Locked Loop (DLL)

. —
v
PD |—

refclk

e DLLs lock delay of a voltage-

v

Ve

— h I [Sidiropoulos JSSC 1997]

controlled delay line (VCDL)

» Typically lock the delay to 1 or Y2 input clock cycles
 If locking to ¥z clock cycle the DLL is sensitive to clock duty cycle

e DLL does not self-generate the output clock, only delays

the input clock
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Voltage-Controlled Delay Line
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[Sidiropoulos]
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Delay-Locked Loop (DLL)

[Maneatis JSSC 1996]

Frer

Phase
Comp

R

Charge
Pump

Ci + Bias
VGTHL| Gen

Vep

Do(s)

- Fﬂ

Dy(s)

DD(S) B 1

D;(S) 1 + s/wN

Do(s) = (Di(s) — Dols)) - Frer - -2 Kpy

SCI

1

wn = Icy - Kpr, - FRer - —

h

e First-order loop as delay line doesn’t introduce a pole

e VCDL doesn’t accumulate jitter like a VCO

e DLL doesn’t filter input jitter
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CDR Jitter Properties

e Jitter Transfer
e Jitter Generation

e Jitter Tolerance
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CDR Jitter Model

Model of PD  Model of Loop Filter Model of VCO

“Linearized” Kpp

G a ;
' + ; ;
¢f”_?>€ : . +¢GHT
el ot ; ;
[Lee]
¢our _ S'KP 'KPD 'KVCG +K:‘ 'KPD 'KVCG
¢m S +S'KP 'KP_D 'Krfcc:r +K1r' 'KPD 'KVCG
/ K, o
K,=17_.-R = w =K ‘K. -K.__ F="£ . "
P C Ki C " \/ i PD VCo - K )
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Jitter Transfer

Model of PD  Model of Loop Filter Model of VCO

“Linearized” Kpp

- ¢onr

r---- LR & K N B R 32 K N ]

[Lee]

e Jitter transfer is how much input jitter “transfers” to the output

« If the PLL has any peaking in the phase transfer function, this jitter can
actually be amplified

gﬁaur _ S'KP 'KP_D 'KVCD +K:’ 'KPD 'KVCQ
D, ST+5- Ky, -Kpp - Kyeop +K, - Ky, - Ky
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Jitter Transfer Measurement

: — ; Signal
data , decision : Generator
generator [>T [ | circuit [ ! Phase
y : 1 detector
| |
N ] S
retiming
™| circuit : Ph?jST t
D.UT. | : y_Mmodulator
— ¢
B OutputJitter(f)
JIE(f) = ZOIOg( InputJitter(f) ) |N' 03-'-
network
analyzer
[TrV89] [Ra091] \ y
[Walker]
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Jitter Transfer Specification

slope = -20 dB/decade

|

acceptable |

range :

|

|

|

|

[Walker] f.

Data Rate f.[kHz] | P[dB]

155 Mb 130 0.1
622 Mb 500 0.1
2.488 GDb 2000 0.1

This specification is
intended to control
jitter peaking in long
repeater chains
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Jitter Generation

[Mansuri] N[

Vn
Vnin_* j vVeoy anuf-*
CP
Input —>| PD VCO Clock

— - Lag dout
Clock ¢ﬂin KF’D »@lCP%R KVCO /s ¢'HVCO Buffer Nyt
L C
- L

e Jitter generation is how much jitter the CDR “generates”
* Assumed to be dominated by VCO

e Assumes jitter-free serial data input
2

2
H,(s)= Do _ s s

VCO Phase Noise: =
¢”vco X +(KLooijCS+ K;;cl)op 52 +2§0)n3+a)§

For CDR, N should be 1
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Jitter Generation

i i Jitter accumulates up to time «
High-Pass Transfer Function 1/PLL bandwidth P
100 i -7 k V AT
p N20, TR s -
1 B .
e A
0.,(s) ,/// :
2000,y 4% ‘ ) I} / E_" o I.\Efaf;ured
| ) é o Jitter

) ) / = 2 Predicted

-60 r../_/ 104

n

-ﬂ:n.. : 1;]{] 1{]I{][} 1{];}00

Delay AT [ns]
[McNeill]

e SONET specification:
e rms output jitter < 0.01 UI
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Jitter Tolerance

e How much sinusoidal jitter can the CDR “tolerate” and still achieve a

given BER?¢’ [Sheikholeslami]
X S L %
uUT
¢’fn Kpd HLPF(S) cho/s
¢’OUT
3 tu=To Lee]
9 ™ :
— l __ Tout ) i =" '
¢E ( gi gﬁ?f.i"ﬂ 2 X X
JIOL(s)=2-¢ = = M E ; ;Amplitude of
D % SJinUlpp
(l — ) ' :
;éin :

26



Jitter Tolerance Measurement

Random Noise (RJ) [Lee]
Signal Delay Ctrl /{

-
Generator
Sine (SJ) 16 Bit PRBS
Noisy Clock Error Count
Tyco Backplane (DJ)
Agilent - o )- .
Test Chi
BERT ': o: p

Differential PRBS Data
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Jitter Tolerance Measurement

[Lee]
10 |
Tracking
2 A/ PASS
=Ty '
FAIL Margih Testing
10k 100k 1M 10M 100M

Frequency (Hz)
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Injection Locking Oscillation

Jie Zou

v DCO
inj

Su
Vin —F@—b Vout

The Analog & Mixed Signal Center
Texas A&M University



Injection Locking in LC Tanks

IIIIIrlI-"l'.'.l'
a) a free-running oscillator = Rp
consisting of an ideal Y

out

positive feedback amplifier
and an LC tank;

b) we insert a phase shift in
the loop. We know this will
cause the oscillation
frequency to shift since the
loop gain has to

have exactly 21T phase shift
(or multiples).

(d}

30



Phase Shift for Injected Signal

Voo
T [11 3] T T L-l = E1 HF
» Assume the oscillator “locks” onto the injected
current and oscillates at the same frequency. Q o Vou
It
« Since the locking signal is not in general at M
the resonant center frequency, the tank 1 | -
introduces a phase shift | ini

* In order for the oscillator loop gain to be equal = =
to unity with zero phase shift, the sum of the

current of the transistor and the injected Source: [RE[IEWi]
currents must have the proper phase shift to

compensate for the tank phase shift.
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Injection Locked Oscillator Phasors

LIose = LVignk = LIiank + &g

Note that the frequency of the injection signal determines the extra phase shift
®, of the tank. This is fixed by the frequency offset.

O The current from the transistor is fed by the tank voltage, which by definition
the tank current times the tank impedance, which introduces ®, between the
tank current/voltage.

O The angle between the injected current and the oscillator current 6 must be

such that their sum aligns with the tank current.
32



Injection Geometry

.. B A7
Sl @ = 7 .
tank oo A
lll . B Ifnu.'?:__,:'r_..-:x
cos(m/2 — ¢) = sin(f) = — e
111] .
I-rj-.ar.- e
o iy ’
SN ¢ = sin(f) _ ,
tank x:’
.y Iinj sin(@) [in; sin(f) N
. op = . = K
' :-jE . : I|ll p e
losce?® + I””' ‘l,l’-"I Igsr: o Iiz'r‘c_;l' + 2 cos HIGSE‘II'TT-J. d
] F}:‘:. l--.I-l'
”g } .

-frz'r!_;l'

The geometry of the problem implies the following constraints on the injected
current amplitude relative to the oscillation amplitude.
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Locking Range

l;; Sin@

: Ly .
sing, =—-sin@ = ——
I \/I +12 +21_ 1. cosd

0sC inj osc " inj

inj

|
= SiN @y = ——,if.COSO = —
A second-order parallel tank consisting of L. C, Rp
exhibits a phase shift of:

Lo @

)

T _
¢o :E_tan 1(

2 2
R, @,-o
L.

o -0 = 2m,(w, —a)),—a) = i,z—tanfl(x) =tan(x™)
Rp Q2 linj lin)
2 s
stang, = —Q(wo - o) © “
I”‘J Source: Razavi
tan¢0 :%’ IT = Iozsc - Iiij

T

At the edge of the lock range, the injected current is orthogonal to the tank current.

The phase angle between the injected current and the oscillator is 90° + ® ...
34



Locking Range

(a)o o a))
inj 1
I 2
0sC 1_ |nj I |nJ << I
IOZSC
~ 22 (4, - 0) Dpp =B = O
Iiij @y
2 |
los When: @, =10GHz,Q =5,K =
w, Iinj 1 |
2Q I | |2 => a)A,L leOMHZ
0sC 1_ |nj

" oQ




Digital Controlled Oscillator (DCO) with Injection Locking

90(m_ K=0.188

f12.4GHz

18
§3ED
. Phase [7]

115 12 12.5 13 1356
Free-running DCO frequency [GHz]

Shekhar, Sudip et al, “Strong Injection Locking in Low-Q LC Oscillators: Modeling and Application in a Forwarded-Clocked I/O
Receiver”, IEEE JSSC, 2009.

The digitally controlled switch-capacitor bank tunes the free-running
frequency of DCO to adjust the phase of the forwarded clock and also
compensate for PVT.
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Next Time

e Optical 1/0
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